dUTPase (EC 3.6.1.23 ) is one of the enzymes of deoxynucleotide metabolism (Kornberg & Baker, 1991) . By hydrolysis of dUTP, the enzyme increases the ratio of dTTP to dUTP, thus minimizing misincorporation of uracil into DNA during replication and repair. In addition, the hydrolysis product, dUMP, is a precursor of dTTP. The most examined dUTPase is the one from Escherichia coil Its three-dimensional structure shows a trimeric arrangement of identical subunits (Cedergren-Zeppezauer et al., 1992) . A few sequences of other cellular dUTPases are known and they are clearly related. Sequence similarity is concentrated in five motifs and the polypeptide chain lengths are similar, e.g. 152 and I42 residues in the E. coli (Lundberg et al., 1983) and human enzyme Author for correspondence: Olof BjOrnberg. Present address: Center for Enzyme Research, Institute of Molecular Biology, University of Copenhagen, S~lvgade 83H, DK-1307 Copenhagen K, Denmark. Fax + 45 35322040. e-mail olofb@mermaid.molbio.ku.dk (McIntosh et al., 1992) , respectively. The human enzyme is also a trimer (Climie et al., 1994) .
dUTPases from prokaryotic and eukaryotic sources are known to be very specific. In comparison to dUTP, hydrolysis of other naturally occurring pyrimidine nucleotides appears to be negligible. For instance, no hydrolysis of dTTP, dCTP or UTP was detected in an investigation of the human enzyme isolated from lymphoid cells (Ingraham & Goulian, 1982) . Since hydrolysis would be wasteful, the need for such discrimination is easily understood. In a recent kinetic investigation of the E. coli enzyme by Larsson et al. (1996a) , it was shown that discrimination is mainly achieved by differences in binding. Whereas the K m value for dUTP is 0"2 I~M, K i. values for dCTP and UTP are 4 and 2"5 mM, respectively. Inhibition by dTTP could not even be detected. A structural basis for the discrimination against these nucleotides is provided by the recently determined structure of the enzyme in complex with the substrate analogue dUDP (Larsson et al., 1996 b) .
Owing to extensive sequencing of virus genomes, many more viral than cellular dUTPases are known. So far, dUTPase genes have been conclusively identified among members of three virus families: herpesviruses, poxviruses and retroviruses. Considerable variability is found among the viral sequences although some are closely related to their cellular counterparts, like those of poxviruses, showing sequence identities to the human enzyme of around 65 %. With identities exceeding 30%, retrovirus dUTPase sequences are also similar to the human enzyme but the mouse mammary tumour virus (MMTV) enzyme shows an unusual feature, namely an Nterminal elongation of the dUTPase sequence with a nucleocapsid (NC) protein domain (Hizi et al., 1987) . The herpesvirus sequences differ by having the five conserved motifs in a rearranged order over a much longer polypeptide chain (McGeoch, 1990) . The herpes simplex virus type 1 (HSV-1) enzyme is a monomer (Caradonna & Adamkiewicz, 1984) . The aim of this investigation was to quantify the catalytic efficiencies and substrate specificities of the dUTPases from HSV-1 and MMTV in comparison to the E. coli enzyme. As substrates, we tested dTTP, dCTP, UTP and dUDP, four physiologically important nucleotides very similar in structure to dUTP. et al. (1996a) . ' 3 A.-C. Bergman, unpublished observation.
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Recombinant dUTPases from E. coti and HSV-1 were isolated as previously described (Hoffman et a]., 1987; Bj6rnberg et al., 1993) . The recombinant expression of MMTV dUTPase has been presented (Bergman et al., 1994) but some modifications in the procedure for purification of the enzyme were introduced (see Fig. 1 ). We have previously reported that activities of the HSV-1 and equine infectious anaemia virus (EIAV) enzymes are strongly influenced by detergent (Bj6rnberg et al., 1993; Bergman et al., 1994) . This was also found to be a property of MMTV dUTPase. Without detergent, very little activity was retained. The detergent Clue s at a concentration of 0"18 mM (0"01%) was therefore included in all enzyme-catalysed reactions. It was also introduced at the level of chromatography in the preparation procedure of the MMTV enzyme.
A summary of the purity and the dUTPase activity of the three investigated enzymes is shown in Table 1 . Protein concentrations were determined according to the microprotein assay of Bradford (1976) with BSA as standard. Enzyme purity was assessed by SDS-PAGE and subsequent scanning by a Personal Densitometer SI (Molecular Dynamics). The radiochemical method for determination of dUTPase activity has recently been described in detail by Bergman et al. (1995) . The enzyme was allowed to act on labelled dUTP (1 mM) for I0 min at 37 °C, which is the standard temperature for the assay; the specific activity presented can therefore be compared to earlier published figures. This method was also performed at 25 °C with an incubation period of 20 min in order to calculate turnover numbers used as ken t, values in the ratio kcat,/Km, As opposed to strictly defined ken t values, these ken t, values do not take the number of inactive molecules or sites into account.
The apparent values would therefore be expected to be lower. The K m and ken t values in Table 1 were determined by stopped-flow measurements at 25 °C using a method developed by Larsson eta] . (1996a). The release of protons during hydrolysis of dUTP (0-2 per molecule, depending on pH and metal ion concentration) is recorded as a change in absorbance of a suitable pH indicator in a weakly buffered solution. The hydrolysis of dUTP, which goes on until completion, generates a wide and continuous range of decreasing substrate concentrations. Fig. 1 (a) shows a reaction trace, where 5"0 IIM-dUTP was hydrolysed by MMTV dUTPase at 25 °C within 5 s. Application of the integrated Michaelis-Menten equation yielded a satisfactory linear representation of the data indicating a K m of 0"8 ~tM.
If the concentration of substrate is well below the K m value, the Michaelis-Menten equation (1) can be simplified to equation 2 below. The reaction will be of the first order with respect to substrate, and dependent on the enzyme concentration and the specificity constant, keat/K m. In equations 3 and 4, Eto t refers to the total concentration of enzyme in terms of monomers and ken t, is an apparent representation of ken t. Values of keat,/K m were obtained from semi-logarithmic plots of the remaining substrate concentrations against time (equation 4).
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Hydrolysis reactions appeared to follow first-order kinetics since the semi-logarithmic plots displayed good linearity (Fig.  I b) . The slope is depicted k in equation 4. Concentrations of enzymes were adjusted (0"1-5"0 ~lM) to obtain reaction halflives preferably around 30--60 min. A summary of the results is presented in Table 2 , where values for catalytic efficiency (keat,/Km) with dTTP, dCTP and UTP as substrates are compared to those for dUTP. The resulting discrimination between dUTP and' the wrong triphosphate' is shown and the two virus enzymes are compared to the E. coli enzyme. Since non-homogeneous preparations of HSV-1 and MMTV dUTPases were used in this study (92 and 91% purity, respectively; In the stopped-flow experiment, the enzyme solution was mixed with an equal volume of degassed reaction buffer containing 10 I~,-dUTP. The reaction was carried out at 25 °C and followed at 573 nm, which is the )'max for the basic form of cresol red. The initial absorbance corresponds to a pH value around 7.5, which was decreased less than 0.2 pH units during the reaction as determined by spectrophotometric titration of the indicator. The enzyme was obtained from the strain E. coil BL21 (DEd) pLysS freshly transformed with the recombinant plasmid pET-dd-NCDU (Bergman et el., 1994) . The same conditions as described for the overproduction of EIAV dUTPase (Bergman et el., 1995) were employed for growth and induction. The cell pellet from a 250 ml culture was resuspended in 50 ml extraction buffer: 20 mM-HEPES pH 7.5, 50 mM-NaCI, 5 mM-DTT, 3 mM-EDTA, 1 mM-EGTA and 1 mM-PMSF. The cells were disrupted by one round of freezing and thawing followed by sonication (Branson-Sonifier Cell Disrupter, microtip, 4 x 45 s). A cleared crude extract was obtained by centrifugation (Sorvall SS-34 rotor, 17000 9', 1 h) and loaded on a phosphocellulose column (2.6 x 12 cm) previously equilibrated with 20 mM-HEPES pH 7.5, 50 mM-NaCI, 2 mM-DTT, 1 mM-EDTA, 1 mM-EGTA, 1 mM-PMSF and 0.01% detergent (buffer A). The enzyme was eluted at 0.7 M-NaCI in a linear gradient (500 ml) from 0.O5 to ~ 5 M. Only the peak fraction (10 ml) from the phosphocellulose chromatography was used for analysis and it contained 2.5 mg of enzyme with a specific activity of 8-0+_ 1 U/mg. Using this procedure, the yield of enzyme was 10 mg per litre of bacterial culture. (b) Hydrolysis of dCTP. Evaluation of the data gave specificity constants and reaction halflives presented in Table 2 . The enzyme concentrations employed were 0"1 laM for the HSV-1 dUTPase (0) and 5-0 t XM for both the MMW dUTPase (©) and the E. coil dUTPase ([]). Reactions were carried out at 25 °C in a volume of 1 -O ml and the enzymes were preincubated for 30 rain in the reaction buffer which contained O-1 M-potassium phosphate pH 7-0, 10 mMMgCIz, 10 mM-DTT and 0.01% detergent (180 ~M-C~zEs). Hydrolysis was started by addition of substrate to a final concentration of 0'5 raM. TO follow the time-course of the hydrolysis, aliquots of 1 O0 MI were withdrawn at different time points
and quenched by the addition of 50 p_l of ice-cold 0-1 M-EDTA, giving a flvefold excess of EDTA over Mg 2+. The quenched aliquots were diluted with 1-0 ml of 50 mM-Tris-HCI pH 8.0, centrifuged for 5 min at 12000 9' and injected (0.5 ml) onto a MonoQ column (HR 5/5 ; Pharmacia) attached to an FPLC system. A gradient of NaCI in 50 mM-Tris-HCI pH 8.0 was used to elute the hydrolysis products, conceivably nucleoside monophosphates (0.08~.14 M) and remaining triphosphates (0"25~.27 M NaCI). An LCC-500 control unit (Pharmacia) was used to evaluate the peaks at 280 nm. Peaks less than 4% of the absorbance range were not considered. The program Kaleidagraph (Abelbeck Software) was employed to plot and evaluate data.
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some copurified unspecific nucleotidase, dTTP, dCTP and UTP were incubated with centrifuged crude extracts (100 jag) of the reference strain, IPTG-induced E. coli BL21(DEd) pLysS cells carrying the pET vector without insert (Studier et al., 1990) . After 90 min of incubation, no hydrolysis could be detected. Hydrolysis of dUDP was tested at 25 °C using two concentrations, 0"1 and 0"5 raM, in the reaction buffer used for the hydrolysis of triphosphates. The enzyme concentration was 5"0 tIM and the incubation was allowed to continue overnight. No hydrolysis of dUDP could be detected with any of the three dUTPases.
Our results show that the dUTPases from HSV-I and MMTV do not maintain the exquisite substrate specificity which the E. coli enzyme is capable of. The two virus enzymes display distinct differences. Compared to the E. coli enzyme the HSV-I dUTPase exhibited a moderately reduced discrimination (17-to 39-fold) against dTTP, dCTP and UTP. The MMTV enzyme showed greatly reduced discrimination against dTTP and UTP but discrimination against dCTP was much less reduced. None of the three dUTPases utilized dUDP as substrate (data not shown) suggesting that they employ similar mechanisms for hydrolysis. In contrast, the enzyme induced by bacteriophage T4, to which there is no sequence homology, hydrolyses both dUTP and dUDP (Kornberg & Baker, 1991) .
The capacity of the HSV-I enzyme to hydrolyse dCTP and dTTP has previously been demonstrated by Wohlrab & Francke (1980) , who first fractionated the virus-induced enzyme from infected cell nuclei, and by Caradonna & Adamkiewicz (1984) , However, conflicting results were obtained by Williams (1984) , who analysed the substrate specificity after a 175-fold purification of the enzyme from infected KB cells and found that only dUTP served as a substrate. The reason for this discrepancy is not clear. Hydrolysis of dCTP and dTTP during HSV-1 infection should be considered in the context of the powerful virus ribonucleotide reductase which is completely devoid of allosteric regulation (Thelander & Gr~islund, 1994) . Since, unlike the cellular enzyme, there is no allosteric inhibition by dTTP, CDP reduction is probably extensive. Hydrolysis of dCTP by dUTPase would, in fact, be beneficial for distribution of material from deoxycytidine nucleotides to thymidine nucleotides. Hydrolysis should yield dCMP which could be further processed to dTMP by two enzymes provided by the host cell, dCMP deaminase and thymidylate synthase.
It is possible that the MMTV enzyme, with its NC protein domains, has become a partially structural protein. The properties of the MMTV enzyme were conspicuous. In our assay system, the specific activity (with dUTP as substrate) was more than 10-fold lower than that of the EIAV enzyme (Bergman et al., 1995) . The K m was still relatively low and the reduced kea t is probably fully compensated for by the higher amounts of enzyme generated as a consequence of the gene being located in the pro reading flame ahead of the pol frame, where the gene is situated in EIAV and other non-primate lentiviruses.
While considering the decreased substrate specificities of the virus enzymes, it is worth noting that retrovirus and herpesvirus replication are widely different. Retrovirus reverse transcription occurs in the cytoplasm on a ribonucleoprotein complex and within the remnants of the internalized virus particle. Influx of dNTPs is required for making the genomic DNA copy. In contrast, the lyric replication of herpesviruses takes place in the nuclei. The MMTV dUTPase displays a discrimination against UTP which is only i000-fold. Since UTP is present in almost millimolar levels (Traut, 1994) , hydrolysis may be a frequent event with respect to each enzyme molecule but the waste of UTP does not affect reverse transcription and is probably negligible for the host cell. Unlike the ribonucleotide UTP, the deoxyribonucleotides dCTP and dTTP are required as precursors for the reverse transcription. In this context it is interesting to note that reverse transcription of human immunodeficiency virus (HIV-1) seems to be restricted by the access to dCTP. Like other primate lentiviruses, HIV-1 does not carry a dUTPase gene. Addition of deoxycytidine to infected T cell lines increases virus replication whereas thymidine has the opposite effect (Meyerhans et al., 1994) . Since reverse transcriptase lacks proofreading activity, retroviruses may be very sensitive to the mutagenic effects from dNTP precursor imbalances. Generally, there is more dTTP than dCTP in dividing cells (Traut, 1994) , but highly biased ratios in favour of dTTP have, in fact, been suggested to cause a total breakdown of retrovirus replication fidelity (Martinez et al., 1994) . The much stronger discrimination of the MMTV enzyme against dCTP than dTTP may reflect the requirement to avoid elevated dTTP: dCTP ratios.
The lowered specificities of the virus enzymes are probably ( tolerated since they do not interfere with other functions of the infected host cell (e.g. mRNA synthesis) or have deleterious effects on virus progeny. Nevertheless virus dUTPases clearly play significant roles in infection since inactivation of the dUTPase gene reduces the virulence of HSV-1 (Pyles et al., 1992) , EIAV (Threadgill et al., 1993) and feline immunodeficiency virus (Wagaman et al., 1993) .
